We have cloned cDNAs for two closely related connexins (Cx), Cx35 and Cx34.7, from a perch retinal cDNA library. Sequencing of PCR products from genomic DNA revealed that both connexins have an intron 71 bp after the translation initiation site; in Cx35, the intron is 900 bp in length, whereas in Cx34.7 it is ϳ20 kb. Southern blots of genomic DNA suggest that the two connexins represent independent single copy genes. In Northern blots, Cx35 and Cx34.7 transcripts were detected in retina and brain; Cx34.7 also showed a weak signal in smooth muscle (gut) RNA. Antibodies against Cx35 labeled a 30 kDa band on a Western blot of retinal membranes, and in histological sections, the pattern of antibody recognition was consistent with labeling of bipolar cells and unidentified processes in the inner plexiform and nerve fiber layers. When expressed in Xenopus oocytes, Cx35 and Cx34.7 formed homotypic gap junctions, but the junctional conductance between paired oocytes expressing Cx35 was 10-fold greater than that recorded for gap junctional channels formed by Cx34.7. The homotypic gap-junctional channels were closed in a voltage-dependent manner but with relatively weak voltage sensitivity. Heterotypic gap junctions formed by Cx35 and Cx34.7 displayed junctional conductances similar to those of Cx34.7 homotypic pairs and showed a slightly asymmetric current-voltage relationship; the side expressing Cx35 exhibited a higher sensitivity to transjunctional potentials. An analysis of the sequence and gene structure of the connexin family revealed that perch Cx35 and Cx34.7, skate Cx35, and mouse Cx36 constitute a novel ␥ subgroup.
In almost every vertebrate tissue, direct electrical and chemical communication between groups of contiguous cells are mediated by gap junctions: membrane-spanning aqueous pores that permit free intercellular diff usion of ions, metabolites, and other small molecules (Յ1 kDa). The membrane specializations forming these channels consist of hexameric assemblies (connexons) of connexin (C x) proteins in each of the adjoining cells, and molecular biological studies have shown that all of the connexins cloned and sequenced thus far belong to a superfamily of gap-junctional genes (Beyer, 1993; Bennett et al., 1994; Bruzzone et al., 1996) . Despite the overall degree of homology, the proteins for which they code often exhibit regions of unique sequence that probably adapt channel properties to special tissue requirements.
In the vertebrate retina, electrical coupling is widespread, and virtually every cell type forms an electrical "synapse" with its neighbors. Thus, gap junctions constitute an important component of the retinal circuitry and acting in concert with a wide variety of chemical neurotransmitters, expand the range of intercellular interactions. However, the physiological and morphological properties of gap junctions in different retinal cell populations are diverse (Vaney, 1994; Cook and Becker, 1995; Zahs and Newman, 1997) , and there is a great deal of indirect evidence suggesting that connexins of different types are present in retinal neurons and glia (Dacheux and Raviola, 1982; Vaney, 1991; Qian et al., 1993; Mills and Massey, 1995) .
To gain a better understanding of the molecular basis of the unique properties of retinal gap junctions, it is necessary to identify the connexin proteins that form the gap junctional channels. We had previously cloned a gap junction protein having a molecular mass of 35 kDa, referred to as Cx35, which was preferentially expressed in the skate retina and found to be evolutionarily divergent from other connexins (O'Brien et al., 1996) . In the present study, we have extended our findings to the retina of a teleost fish, the white perch. Screening for connexins in this species has yielded two connexins closely related to Cx35 that are expressed primarily in retina and brain. We have examined the ability of the two connexins to form homotypic and heterotypic gap-junctional channels in a paired oocyte expression system. In addition, phylogenetic analysis of the sequences of the retinal connexins and consideration of their gene structure suggests that they may form a unique subgroup of the connexin family.
MATERIALS AND METHODS

Librar y screening and clone anal ysis. A white perch (Morone americana)
retinal cDNA library (Qian et al., 1997) prepared in the Z apII vector (Stratagene, La Jolla, CA) was generously provided by Dr. Haohua Qian (University of I llinois, Chicago, IL). Approximately 500,000 plaqueforming units were applied to an Escherichia coli strain (X L1Blue MRFЈ) and plated in 150 mm Petri dishes. Replicas were lifted onto nylon filters (Micron Separations, Westborough, M A) and screened at low stringency with a skate C x35 cDNA clone (O'Brien et al., 1996) . The probe, containing only the coding sequence, was labeled with 32 P by nick translation, using a Boehringer Mannheim (Indianapolis, I N) nick translation kit according to the manufacturer's protocol. The hybridization solution contained 40% formamide, 0.45 M NaC l, 30 mM NaH 2 PO 4 , pH 7.4, 3 mM EDTA, 0.5% nonfat dry milk, 1% SDS, and 0.5 mg /ml salmon sperm DNA; hybridizations were performed at 37°C. The hybridized filters were washed at 42°C sequentially for 20 min in each of the following solutions: (1) 0.5% SDS and 2ϫ SSC (1ϫ SSC ϭ 150 mM NaC l and 15 mM sodium citrate, pH 7.0); (2) 0.5% SDS and 0.5ϫ SSC; and (3) 0.5% SDS and 0.1ϫ SSC.
Fuji RX film was exposed to the washed filters for 1-2 d with intensif ying screens (DuPont Cronex). Top agar sectors containing positive plaques were cut out and rescreened under the same conditions until individual plaques were isolated. In vivo phagemid excision and rescue were performed as described in the Stratagene protocols for Z apII libraries.
The pBluescript clones were categorized by restriction analysis and sequenced with vector-specific and gene-specific primers. The complete sequence was obtained on both strands in the coding regions and throughout most of the noncoding regions. Sequencing was performed with a cycle-sequencing protocol using a dye-terminator cycle sequencing kit (Applied Biosystems, Foster C ity, CA). The reaction products were run and analyzed on an Applied Biosystems 377 automated DNA sequencer at the University of I llinois College of Medicine core facility. DNA sequence analysis was performed with PCGene software (Oxford Molecular Group, C ampbell, CA) and Sequence Navigator software (Applied Biosystems).
Intron cloning. Hybrid bass (Morone americana and M. sa xatilis) were obtained from AquaFutures (T urners Falls, M A), and genomic DNA was isolated from brain tissue by established procedures (Sambrook et al., 1989) . Introns were amplified by PCR from genomic DNA using an E xpand L ong Template PCR kit (Boehringer Mannheim). Specifically, primers for PCR were designed to amplif y sequences homologous to the region surrounding the skate C x35 intron (O'Brien et al., 1996) . Thus, to amplif y the region containing the perch C x35 intron, the primers used were 5Ј-CGC TTTGGAGAC TGAGAACAACGAG-3Ј and 5Ј-TC TT-ATGTGTGAAATGGGAAATGCC -3Ј. The PCR product was cloned into a pGem T vector (Promega, Madison, W I) and sequenced from both ends with vector-specific primers.
For perch C x34.7, the primers used to amplif y the intron from genomic DNA were 5Ј-GGAGAATGGACCATCC TAGAGCGC -3Ј and 5Ј-ATAAAGCAGAGGC TGGGCGTGC -3Ј. Because of its size, the PCR product could not be cloned directly into a T vector; it was therefore digested with PstI, and fragments containing the ends were subcloned into pBluescript II K S (Stratagene). The end fragments were identified by Southern hybridization of the digested intron PCR product with probes made from a 5Ј end BamHI fragment or a 3Ј end BamHI fragment of the C x34.7 cDNA. The probes were labeled with digoxygenin by random priming using a Boehringer Mannheim High Prime labeling kit. Hybridization and washings were as described below for Southern blots, and the labeled fragments were detected by probing with an alkaline phosphatase-linked anti-digoxygenin Fab fragment (Boehringer Mannheim), using 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium as the color development substrates.
Southern blot anal ysis. Aliquots (12 g) of genomic DNA from hybrid bass were digested for 18 hr with 40 -50 units of the following restriction enzymes: XbaI, NcoI, PstI, HindIII, EcoRI, and BamHI (New England Biolabs, Beverly, M A, or Life Technologies, Gaithersburg, MD). The digested DNA samples were ethanol precipitated, dissolved in water, and 9 g of each was resolved on a 0.8% agarose gel in 1ϫ Tris-acetate -EDTA buffer. DNA in the gel was denatured for 45 min with 0.5N NaOH, 1.5 M NaC l, neutralized with 1 M Tris, pH 7.6, and 1.5 M NaC l, and transferred to a Nytran Plus (Schleicher & Schuell, Keene, N H) membrane by capillary diff usion in 10ϫ SSC.
The blot was hybridized to probes containing only the DNA sequence of the intracellular loops of C x35 or C x34.7. The probes were prepared by PCR amplification of the loops from cDNA clones. The primers used for C x35 were 5Ј-AAGGAGCGGCGGTAC TCAAC -3Ј and 5Ј-AACC TGGAGATGCCC TC TTG-3Ј, and the primers used for C x34.7 were 5Ј-AAGACCGGCGTTAC TCC TTTC -3Ј and 5Ј-AAGCGGG-AGATCCC TTC TTG-3Ј. The PCR products were labeled with 32 P by random primer extension using a Boehringer Mannheim random primed DNA labeling kit. Hybridization was performed overnight at 42°C in a solution containing 50% formamide, 225 mM NaC l, 15 mM NaH 2 PO 4 , pH 7.4, 1.5 mM EDTA, 0.5% nonfat dry milk, 2% SDS, and 0.5 mg /ml salmon sperm DNA. After hybridization, the blot was washed at 55°C for 20 min each in solutions containing 0.5% SDS, 2ϫ SSC, 0.5% SDS, 0.5ϫ SSC, and 0.5% SDS, 0.1ϫ SSC. Kodak X-Omat AR film was exposed to the blot probed with the C x35 probe for 6 d with two intensif ying screens (DuPont Cronex). The blot was then stripped, probed with the C x34.7 probe, and used to expose Kodak X-Omat AR film for 3 d with two intensif ying screens.
Northern blot anal ysis. Total RNA was isolated from frozen tissues collected from hybrid bass using the Trizol reagent (Life Technologies). RNAs were isolated from lens, brain, retina, heart, smooth muscle (gut), spleen, liver, kidney, and skeletal muscle. Thirty-five micrograms of each RNA was run on a 1% agarose formaldehyde gel according to Sambrook et al. (1989) . The RNA was transferred to a Nytran Plus filter (Schleicher & Schuell) by capillary diff usion in 20ϫ SSC. The blot was probed with 32 P-labeled intracellular loop probes made as described above. The hybridization and washing conditions were the same as described for the Southern blot, except that hybridizations were performed at 45°C and washes at 57°C. After washing, Kodak X-Omat AR film was exposed to the blots for 5 d with two intensif ying screens.
Preparation of anti-Cx35 antibodies. Antisera against a f usion protein containing the entire intracellular loop of perch C x35 were raised in rabbits; this region contains extensive amino acid sequences that distinguish it from other connexins. The f usion protein was created by cloning a 235 bp fragment of the C x35 cDNA coding for the intracellular loop into the pMal c2 vector (New England Biolabs). BamHI and XbaI sites, introduced by PCR into the 5Ј and 3Ј ends, respectively, of the C x35 fragment were used to clone the fragment into the vector. The resulting construct coded for amino acids 101-177 of C x35 f used to the C terminus of E. coli maltose binding protein. The f usion protein was grown in E. coli strain TB1 under isopropyl thiogalactoside induction and was purified on an amylose column (New England Biolabs) according to the manufacturer's instructions. Injections of the purified f usion protein into rabbits and subsequent bleeds were performed at Chemicon (Temecula, CA).
The crude antisera were affinity purified by chromatography over an immobilized His-tagged C x35 intracellular loop peptide. The peptide was produced by cloning a 241 bp fragment coding for the C x35 intracellular loop into the NdeI and BamHI sites of the vector pET15b (Novagen, Madison, W I). Restriction sites and a termination codon were introduced into the C x35 sequence as described above. The f usion protein consisted of the same 76 amino acid stretch of the C x35 intracellular loop used for the M BP f usion, with the addition of an amino terminal 6ϫ His tag. The protein was produced in E. coli strain BL21(DE3) and purified by chromatography on a Z inc-nitrilotriacetic acid column (Pharmacia, Piscataway, NJ). The purified His-tagged C x35 intracellular loop peptide was coupled to cyanogen bromide-activated Sepharose 4B (Pharmacia) according to the manufacturer's protocol. Crude antisera diluted in PBS were passed over the C x35 I-loop column, and the column was then washed sequentially with (1) PBS, (2) 50 mM Tris-C l, pH 8.5, and 0.5 M NaC l, and (3) 40 mM sodium citrate, pH 5.5, and 20 mM NaC l. Antibodies were eluted with 50 mM sodium citrate, pH 3.2, and 20 mM NaC l and neutralized with 1 M Tris, pH 8.7.
Immunofluorescent localization of Cx35. Hybrid bass eyecups were fixed overnight in Davidson's fixative (Moore et al., 1954) . The eyecups were washed, cryoprotected in 30% sucrose in PBS, and embedded in OC T (Miles, Elkhart, I N). Sections (12 m) were cut with a cryostat and preincubated with 2% nonfat dry milk in PBS for 2 hr. They were probed overnight at 4°C with the affinity-purified anti C x35 polyclonal antibodies at a dilution of 1:10 in PBS containing 0.5 M NaC l. FI TC -conjugated goat anti-rabbit secondary antibody (Boehringer Mannheim) was applied for 1 hr at a dilution of 1:50 in PBS. After washes in PBS, slides were mounted with Vectashield (Vector Laboratories, Burlingame, CA) and viewed with a Z eiss Axiophot microscope.
Western blotting. Samples of hybrid bass retina, brain, heart, spleen, and liver were homogenized in 10 volumes (w/ v) of 0.1 M NaC l, 20 mM H EPES, pH 7.2, 2 mM EDTA, and 0.5 mM PMSF. Membrane fractions were prepared by centrif ugation for 15 min at 10,000 ϫ g, and the resulting pellets were resuspended in the same medium. For brain and retina samples, the supernatant fraction of the 10,000 ϫ g spin was used for analysis. Protein content was assayed using the BCA reagent (Pierce, Rockford, IL). Protein samples were dissolved in Laemmli sample buffer and resolved on 13% polyacrylamide gels. Samples were transferred to poly vinylidene difluoride membranes (BioRad, Hercules, CA) in a BioRad Trans-blot apparatus. The membrane was blocked with 2% nonfat dry milk in Tris-buffered saline (TBS) (0.5 M NaC l, 3 mM KC l, 25 mM Tris, pH 7.5, and 0.05% T ween 20) and probed with affinity-purified anti-C x35 antibodies at 1:500 dilution in TBS containing 0.5 M NaC l. Peroxidase-conjugated anti-rabbit secondary antibody (Pierce) was applied at 1:15,000 dilution in TBS containing 0.375 M NaC l, and labeled bands were detected by chemiluminescence (SuperSignal; Pierce).
In vitro transcription. C x34.7 (a 1871 bp fragment) and C x35 (a 1320 bp fragment) were excised by EcoRI /XbaI (Boehringer Mannheim) digestion of pBluescript clones, blunted with the K lenow fragment of DNA polymerase I (Pharmacia-Biotech, Orsay, France), and subcloned into the BglII site of the expression vector pSP64T (Krieg and Melton, 1984) . Constructs were linearized with XbaI, and capped cRNAs were produced in vitro with SP6 RNA polymerase, using the mMessage mMachine K it (Ambion, Austin, TX) according to the manufacturer's instructions. The purity and yield of transcribed cRNAs were determined by visualizing their integrity on agarose gels stained with ethidium bromide and by absorbance measurements at 260 and 280 nm.
Preparation of Xenopus ooc ytes. Ovarian lobes were surgically removed under cold anesthesia from female Xenopus laevis, purchased from the The four predicted transmembrane domains (M1-M4) are shown as shaded boxes, and the conserved extracellular loop cysteine residues are boldfaced. Consensus sequences for PKC phosphorylation sites are outlined with circles, and consensus PK A /G phosphorylation sites are outlined with rectangles. Putative casein kinase II sites are indicated by triangles below the alignment and include some of the same sites predicted for other kinases. B, The dendrogram of the multiple amino acid sequence alignment shown in A was calculated using the unweighted pair group method. Similarity scores used for the analysis use the Dayhoff MDM-78 similarity matrix. Although there is a close relationship among all of the connexins, perch C x34.7 is removed from the tight group formed by perch C x35, mouse C x36, and skate C x35.
colony of the Institut f ür Entwicklungsbiologie (Hamburg, Germany). Oocytes (stage V-V I) were defolliculated after collagenase treatment and processed for the paired oocyte expression assay as described previously (Swenson et al., 1989; Bruzzone et al., 1994) . For physiological analysis, manually defolliculated oocytes were injected with an antisense oligonucleotide corresponding to a portion of the coding sequence of Xenopus C x38 (3 ng /oocyte: 5Ј-C TGAC TGC TCGTC TGTCCACA CAG-3Ј) to eliminate the possible contribution of endogenous intercellular channels to the measured conductance (Barrio et al., 1991; Bruzzone et al., 1993) . After an overnight incubation at 18°C, each antisensetreated oocyte was then injected with 40 nl of either water or the appropriate dilutions of the various cRNAs. Microinjected oocytes were immersed for a few minutes in hypertonic solution to strip the vitelline envelope (Methfessel et al., 1986) , transferred to Petri dishes containing modified Barth's medium, and manually paired with the vegetal poles apposed.
Electrophysiolog ical measurements of junctional currents. Intercellular communication was quantitated by double voltage-clamp recordings (Spray et al., 1981) obtained 24 -48 hr after pairing. Electrodes had resistances of 0.5-2 M⍀ and were filled with 3 M KC l, 10 mM EGTA, and 10 mM H EPES, pH 7.4. Voltage clamping of oocyte pairs was performed using two GeneC lamp 500 amplifiers (Axon Instruments, Foster C ity, CA) controlled by a compatible personal computer (Kenitec) via a Digidata 1200 interface (Axon Instruments). pCL AM P 6.0 software (Axon Instruments) was used to program stimulus and data collection paradigms. Current outputs were filtered at 10 Hz, and the sampling Figure 2 . Structure of the C x35 and C x34.7 genes. A, PCR amplification of C x35 and C x34.7 introns from hybrid bass genomic DNA. Introns were amplified by long PCR, as described in Materials and Methods. Amplification of C x35 fragments from 100 ng of genomic DNA is shown in lane 1, and control amplification from ϳ1 pg of cDNA clone pcx7 is shown in lane 2. The genomic product is ϳ900 bp larger than the control. Amplification of Cx34.7 fragments from 100 ng of genomic DNA is shown in lane 3, with control amplification from ϳ1 pg of cDNA clone pcx1 in lane 4; a 20 kb product was obtained in the genomic amplification. The ϳ4 kb product in lane 3 was cloned, sequenced, and found to be spurious. B, Gene maps of the known sequences of perch Cx35 and C x34.7 genes based on sequence analysis of the intron PCR products. Regions comprising the cDNA sequences are enclosed by wide rectangles, with the hatched portion representing the coding sequence. Introns, indicated by the narrow bars, occur at the same location within the coding region as was described previously for skate Cx35. Known restriction sites within the cDNA sequences are coded as follows: BamHI (B); HindIII (H); NcoI (N); PstI (P). C, DNA sequences at the intron splice junctions for Cx35 and Cx34.7. Intron sequences are in lowercase letter, and the cDNA sequences are in uppercase letters. Both sets of intron splice junctions conform to the consensus sequence AGgt . . . agGA. Amino acid identities calculated from pairwise alignments of the complete sequences of each connexin are listed, with similarities shown in parentheses. Similarity scores include both identical residues and conservative substitutions, as scored using the Dayhoff MDM-78 similarity matrix.
interval was 7.5 msec. For simple measurements of junctional conductance, both cells of a pair were initially clamped at Ϫ40 mV to ensure zero transjunctional potential, and alternating pulses of Ϯ10 -20 mV were imposed to one cell. Current delivered to the cell clamped at Ϫ40 mV during the voltage pulse was equal in magnitude to the junctional current and was divided by the voltage to yield the conductance. Families of junctional currents were generated by applying transjunctional potentials of increasing amplitude and opposite polarity to one cell, in 10 mV steps, while clamping the second cell at a constant voltage (Ϫ40 mV). To ensure adequate control of voltage across the transjunctional membrane and to avoid the risk of overestimating the actual junctional conductance at steady-state (Wilders and Jongsma, 1992) , oocyte pairs exhibiting conductance Ͻ5 S were selected for analysis of voltage dependence.
Conne xin gene famil y anal ysis. Relationships between members of the connexin gene family were studied by sequence comparisons at the amino acid and DNA levels. The sequences compared included representatives of all vertebrate connexin genes available in the GenBank database. The sequences were selected to minimize repetition of known gene homologs within the mammals but to include all information from vertebrates of other classes. T wenty-eight sequences were compared that included the following: mouse connexins 26, 30.3, 31, 31.1, 32, 36, 37, 40, 43, 45 , and 50; rat connexins 33 and 46; bovine connexin 44, a homolog of rat C x46 (Gupta et al., 1994) All of the amino acid sequences were aligned using the C lustal algorithm contained in the Omiga software package (Oxford Molecular Group). From the multiple alignment, poorly conserved portions of the intracellular loop and carboxyl terminal tail were identified and eliminated from the sequences. The remaining sequences coded for the amino terminus through the second transmembrane domain corresponding to residues 1-100 of skate C x35 and the third through fourth transmembrane domains corresponding to residues 173-255 of skate C x35. The nucleotide sequences of the remaining regions were then aligned with C lustal W (Thompson et al., 1994) , and gap positions were adjusted to match codons, if necessary. Once f ully aligned in this way, the third base pair of each codon was stripped, leaving 370 characters in each sequence of the aligned data set (including gaps).
The nucleotide sequence data were analyzed using the Phylip 3.57c software package (Felsenstein, 1995) . One thousand bootstrapped replicates of the aligned data set were made and analyzed directly by parsimony or were analyzed f urther by a distance matrix method. In the latter case, genetic distances were calculated by the K imura two-parameter method, and tree structure was calculated by the Fitch -Margoliash method. Consensus trees were calculated for both types of analyses. Finally, genetic distances were calculated as described above for the intact data set (without bootstrapping), and the distance matrix was used to calculate branch lengths for a tree with the topology of the consensus trees from the two bootstrapped analyses.
RESULTS
Cloning of two retinal connexins
A low-stringency screen of a perch retinal cDNA library with a skate Cx35 probe yielded 12 positive plaques out of the ϳ500,000 pfu that were screened. Nine of these were ultimately isolated and fell into two categories based on restriction digestion analysis. Seven clones contained a single internal BamHI site, whereas two clones had a similar BamHI site and also contained an internal PstI site. DNA sequence analysis demonstrated that all clones contained full coding sequences of connexins. The majority of clones coded for a 304 aa protein with a predicted molecular mass of 35,096 Da, whereas the two clones containing an internal PstI site coded for a 306 aa protein with a molecular mass of 34,713 Da. In keeping with the traditional nomenclature for connexins, these will be referred to as perch Cx35 and Cx34.7, respectively. Figure 1 A shows the alignment of the putative amino acid sequences of the two perch connexins with that of skate Cx35 and mouse Cx36 (Condorelli et al., 1998) . The predicted transmembrane domains are outlined in Figure 1 A, and several other features are indicated. The four connexins have a high degree of homology throughout most of their sequences Figure 5 . Western blot analysis of hybrid bass tissue homogenates probed with affinity-purified anti-C x35 antisera. Lane 6 contains ϳ1 g of a crude lysate of the bacterial strain expressing the 6ϫ His-tagged C x35 intracellular loop peptide. Lanes 1 and 2 contain 10 g of supernatant fractions of brain and retina, respectively. Ten micrograms of membrane pellets of the remaining tissues were loaded as follows: 3, heart; 4, spleen; 5, liver; 7, retina. Molecular weight markers are shown on the lef t. A 30 kDa band was strongly labeled in the retina supernatant fraction and was barely detectable in the 10,000 ϫ g pellet. ( Fig. 1 A, asterisk s) . The amino termini, transmembrane domains, and first extracellular loops are nearly identical in the four connexins. However, small differences are evident in the second extracellular loop and C terminus, and substantial differences are apparent in the intracellular loop. There are also differences in the nucleotide sequences of the untranslated regions (data not shown). Sequences are available under Genbank accession numbers AF059183 and AF059184. Consensus sequences consistent with protein kinase phosphorylation sites were found at several locations in both connexins. A predicted protein kinase C site in the beginning of the intracellular loop and a predicted protein kinase A or G site in the C terminus are conserved in each of the connexins (Fig. 1) , and additional predicted phosphorylation sites are present in the intracellular loops of the perch and mouse connexins. Perch Cx35 and C x34.7 and mouse C x36 share a predicted PK A /G site early in the intracellular loop (the skate sequence differs from the consensus in only one amino acid at this site), whereas four additional PKC sites were found in perch C x35, two in mouse Cx36, and one site in perch C x34.7. The last 10 amino acids of the C terminus of C x35 and C x34.7 are largely conserved and contain a sequence element related to a conserved motif present in the ␣ group connexins (Bennett et al., 1994) .
The high degree of amino acid sequence homology between the connexins illustrated in Figure 1 A is shown quantitatively in Table 1 . For example, perch Cx35, skate Cx35, and mouse Cx36 show a minimum sequence identity of 84% and similarities (i.e., identity plus conservative amino acid replacements) that exceed 91%. It is noteworthy that when the intracellular loop is excluded these values increase significantly, e.g., the identity between perch Cx35 and mouse Cx36 increases from 85.9 to 94.2%. There is less correspondence between perch Cx34.7 and the other connexins, ranging from 74.2 to 78.6% amino acid identity. The dendrogram of the multiple amino acid sequence alignment (Fig. 1 B) illustrates the close relationship between perch Cx35, skate Cx35, and mouse Cx36 and their more distant relationship to perch Cx34.7.
Genomic organization of Cx35 and Cx34.7
The genes of most known connexins lack introns in their coding regions and contain a single intron in the 5Ј untranslated region (Beyer, 1993; Bruzzone et al., 1996) . Skate Cx35 was an exception to this pattern, lacking the 5Ј intron but containing a single intron within the coding sequence (O'Brien et al., 1996) . PCR amplification and cloning of the introns in perch Cx35 and Cx34.7 revealed that the same pattern holds as well for these connexins. Amplification of the Cx35 intron from genomic DNA (Fig.  2 A, lane 1) resulted in a PCR product ϳ900 bp larger than the control (lane 2). Likewise, amplification of the Cx34.7 intron (Fig.  2 A, lane 3) yielded a PCR product ϳ20 kb larger than control (lane 4 ). An additional 4 kb product was consistently amplified with Cx34.7 primers; this product was sequenced and proved to be unrelated to any connexin. Sequencing of the intron PCR products revealed that both introns were located 71 bp after the translation initiation sites (Fig. 2 B) . This location is identical to that observed earlier in the skate Cx35 gene and corresponds to the junction between the amino terminal domain and the first predicted transmembrane domain. The intron splice junctions conform to the typical consensus sequence AGgt . . . agGA (cf. Padgett et al., 1986) (Fig. 2C) .
A Southern blot analysis of hybrid bass genomic DNA is shown in Figure 3 . For both connexins, the probes were derived from the intracellular loop and did not contain introns or restriction sites for the enzymes that were used (Fig. 2 B) . The fragments labeled by the two probes are different, and single bands were labeled in most of the digested DNA samples. In the case of Cx35 in Fig. 3A , two bands were labeled in the PstI lane and in the BamHI lane, probably caused by differences in the restriction sites of the two parental species of the hybrid bass.
Tissue expression
The expression of perch Cx35 and Cx34.7 was examined by Northern blot analysis of total RNA samples from nine tissues and probed with the intracellular loop probes described above. These probes contain the most divergent portions of the coding sequence and have little homology to each other. Figure 4 A shows that the Cx35 probe labeled a strong 4.0 kb and a weak 4.8 kb transcript in both retina and brain. No detectable labeling was seen in RNA samples from lens, heart, gut, spleen, liver, kidney, or skeletal muscle. On the other hand, the Cx34.7 probe labeled a 13 kb transcript that was detected in the retina and brain and in very low abundance in gut RNA (Fig. 4 B) . No other tissues showed detectable labeling, and there was no evidence of crosshybridization with the transcripts labeled by the Cx35 probe. An apparently larger RNA species was also labeled weakly in retina RNA, but it seems likely that the smeared signal resulted from Oocytes were either injected with an oligonucleotide antisense to a region within the coding sequence of Xenopus Cx38 (see Materials and Methods) or mock-treated (water), before receiving the specified cRNAs. The development of junctional conductance (G j ) was analyzed using a dual voltage-clamp procedure, and measurements of steady-state G j were performed 24 -48 hr after pairing. Homotypic pairs expressing C x34.7 and C x35 were used as positive controls of cRNA injections and oocyte viability. Results are shown as mean Ϯ SEM of the specified number of pairs. Both cells were initially clamped at Ϫ40 mV to ensure zero transjunctional potential. While one cell was held at a constant potential, depolarizing or hyperpolarizing voltage steps were applied sequentially in 10 mV increments to the other cell, and the resulting junctional currents were recorded. The currents reflect voltage-induced closure for transjunctional potentials greater than Ϯ40 mV in the case of C x35 ( A) and Ϯ30 mV in the case of Cx34.7 ( B). In the heterotypic configuration ( C), channel closure was asymmetric and exhibited a different threshold for positive and negative potentials. Thus, currents showed a higher voltage threshold for relative positivity of the cell expressing C x34.7, whereas a reduced voltage threshold was observed for relative positivity of the cell expressing C x35. These characteristics were quantitated by plotting steady-state conductance, normalized as described in Materials and Methods, as a f unction of transjunctional voltage ( D-F) . Results represent the mean Ϯ SEM of five to six oocyte pairs. In many cases, the error bars are contained within the plot symbols.
incomplete denaturation of the retina RNA sample or perhaps the presence of genomic DNA in the sample. Although the 13 kb transcript of C x34.7 is larger than expected to code for a 306 aa protein, large messages are not without precedent among the connexins. For example, lens connexins from mouse (C x50) and chicken (C x56 and C x45.6) have transcripts that range from 8.0 to 9.4 kb (White et al., 1992; Rup et al., 1993; Jiang et al., 1994) . The only feature shared by these connexins is their restricted tissue distribution, but the significance of the large message size is not known. However, untranslated portions of the transcript may contain regulatory elements that can be f unctional at the transcriptional or translational levels.
Localization of Cx35 in the retina
Affinity-purified antibodies raised against the intracellular loop of perch C x35 labeled a single band in Western blots of hybrid bass retinal homogenates membrane fractions (Fig. 5) , with weak labeling of other protein bands. The apparent M r of the recognized band was 30 kDa, which is consistent with the aberrant migration of connexin proteins observed in SDS gels (cf. Green et al., 1988; Beyer, 1993) . The 30 kDa band was not observed in other tissues, although weakly labeled background bands were present. A small amount of the 30 kDa band was present in the 10,000 ϫ g pellet of the retinal homogenate (Fig. 5, lane 7 ) , but the majority was detected in the supernatant (lane 2), suggesting the presence of Cx35 in a light membrane fraction.
Cx35 antibodies labeled several structures in cryostat sections of hybrid bass retina. Punctate labeling was observed in the distal and proximal regions of the inner nuclear layer, corresponding to the loci of bipolar cell dendrites and axon terminals, respectively (Fig. 6 A, B) ; slender processes extending between these sites were often labeled (Fig. 6C) . In addition, punctate labeling of fine processes was observed consistently in regions corresponding to the inner plexiform, ganglion cell, and nerve fiber layers, but no definitive pattern emerged. Identification of the cell types associated with these processes will require further experiments with EM immunochemistry and the use of double-labeling with cell- Figure 9 . Relationships of retinal connexins to the connexin gene family. The tree represents a distance matrix analysis of the nucleotide sequences of the conserved portions of the coding regions of each connexin (see Materials and Methods). A sequence divergence of 10% is indicated by the scale bar. Bootstrap analyses were performed using both distance matrix and parsimony methods to estimate the support for each node in the tree. Both analyses gave the same topology, and bootstrap values (percent of 1000 bootstrap replicates containing the node) are indicated at the nodes. The bootstrap value for the distance method is written first, followed in parentheses by the value for the parsimony analysis, if different. Bootstrap values Ͻ50% were not included. The ␣ and ␤ subgroups of connexin genes are labeled with brack ets on the right. The novel ␥ subgroup defined by this study is bracketed on the left. specific markers. Control sections in which the primary antibody was omitted showed no labeling, although the autofluorescence of receptor inner and outer segments and the outer limiting membrane was clearly evident (Fig. 6 D) .
Functional expression of perch connexins
Intercellular channels are defined as homotypic when both connexons forming the gap junction contain the same connexin or as heterotypic when each connexon is composed of a different connexin. The ability of perch connexins to form f unctional channels in both configurations was tested using the paired Xenopus oocyte expression system (Dahl, 1992) . To eliminate any possible contribution of the endogenous Xenopus C x38 to our recordings, we used antisense oligonucleotides to deplete oocytes of the endogenously expressed connexin. As reported previously (Barrio et al., 1991; Bruzzone et al., 1993) , water-injected cells showed no detectable coupling under these conditions (Fig. 7, Table 2 ). Because several connexins from other species readily interact with Xenopus C x38 (Hennemann et al., 1992a,b; Bruzzone et al., 1993) , we constructed C x34.7/ water and C x35/ water pairs to test whether perch connexins could also recruit Xenopus Cx38 if antisense treatment was omitted for water-injected oocytes. Neither C x34.7 nor C x35 formed channels with endogenous Xenopus Cx38, i.e., the levels of conductance never exceeded background values (Table 2) .
In contrast, injection of cRNAs for C x34.7 and C x35 efficiently assembled both homotypic and heterotypic channels (Fig. 7) and induced conductance levels of the same order of magnitude as those developed by pairs injected with similar amounts of cRNAs encoding mammalian connexins Nicholson et al., 1993; White et al., 1995; Barrio et al., 1997) . Although homotypically paired oocytes injected with either C x34.7 or Cx35 received approximately the same amount of cRNA (6 and 6.4 ng/cell, respectively), C x35 consistently induced higher values of junctional conductance, and this difference persisted even when measurements were taken 48 hr after pairing. The observation that C x34.7 and C x35 formed f unctional heterotypic pairs indicated that these two perch connexins are compatible partners. However, in the heterotypic pairs, the f unctional ability of Cx34.7 proved to be a limiting factor, i.e., the gap-junctional conductance developed by heterotypic pairs (C x34.7/C x35) was of the same magnitude as that measured for C x34.7 homotypic pairs.
The analysis of junctional currents revealed that homotypic intercellular channels made of C x34.7 or C x35 were closed in a voltage-dependent manner (Fig. 8) . Voltage steps of opposite polarity were imposed in 10 mV increments from a holding potential of Ϫ40 mV and lasted 22.5 sec to allow currents to reach equilibrium values. Junctional currents of C x34.7 channels decreased relatively slowly with time after reaching a threshold transjunctional potential of Ϯ40 mV (Fig. 8 A) . Similarly, Cx35 exhibited voltage dependence, with currents decaying for transjunctional potentials of either polarity Ն50 mV (Fig. 8 B) . The rate of this slow decay increased with increasing transjunctional voltage. In the heterotypic configuration, channel closure was slightly asymmetric and exhibited a different threshold for positive and negative potentials (Fig. 8C) . Thus, currents showed a higher voltage threshold for relative positivity of the cell expressing C x34.7, whereas a decreased threshold was observed for relative positivity of the cell expressing C x35.
Relationships of retinal connexins to the connexin gene family
A phylogenetic analysis of the connexin gene family is shown in Figure 9 . Bootstrap analyses using a distance matrix method and parsimony were used to estimate the degree of support for each node in the tree. In Figure 9 , numbers at the nodes indicate the percentage of 1000 bootstrap replicates in which that node occurred in the distance analysis, and numbers in parentheses indicate bootstrap values for the parsimony analysis. Estimates of branch lengths, using the distance algorithm (see Materials and Methods) , indicate that the two perch connexins form a tight cluster with skate Cx35 and the newly cloned mouse Cx36 (Condorelli et al., 1998) . These connexins diverge widely from the ␣ group of connexins; the sequence divergence from the Cx35 cluster to the nearest node in the ␣ group is 18.9%, which is the longest single branch in the tree. In contrast, the distance between the ␣ and ␤ groups is 14.6%. The divergence of the Cx35 cluster occurs near the base of the ␣ group. Only the Cx45 homologs group with the Cx35 cluster, and the degree of support for that grouping, based on the bootstrap analyses, is moderate. Cx45 and its homologs, furthermore, are the most divergent elements of the ␣ group, with a distance of 15.3% from the nearest node. The large genetic distance between the Cx35 cluster and the ␣ group of connexins, together with the acquisition of an intron in the coding region, suggest a unique line of descent for this subgroup.
DISCUSSION
The identity of retinal gap junctions
We have identified two connexins, Cx35 and Cx34.7, that are expressed in the perch retina. The connexins were cloned from a retinal cDNA library and transcripts of both were detected in greatest abundance in RNA from retina (Fig. 4) . Unlike skate Cx35, which was found only in retina by Northern blot analysis (O'Brien et al., 1996) , perch Cx35 and perch Cx34.7 were found in the brain, as well. Mouse Cx36, a homolog of Cx35, has also been found in both retina and brain (Condorelli et al., 1998) .
Immunocytochemical labeling in hybrid bass retina showed Cx35 to be present in a subset of retinal cells. Punctate labeling of processes in the distal portion of the inner nuclear layer and within the inner plexiform layer suggests that the antigen is present at the dendrites and axon terminals of bipolar cells. This pattern of labeling is consistent with the observations of gap junctions at the dendrites and synaptic terminals of bipolar cells visualized by electron microscopy (Raviola, 1976; Marc et al., 1988; Cuenca et al., 1993) and tracer coupling experiments (Saito and Kujiraoka, 1988; Vaney, 1991 Vaney, , 1994 Umino et al., 1994; Poznanski and Umino, 1997) . On the other hand, the labeling in the region of the ganglion cell and inner plexiform layers is difficult to correlate with structural features. Few gap junctions are seen in this area, although there is evidence from tracer studies that ganglion cell and amacrine cell processes located in this region may be coupled by gap junctions (Vaney, 1991 (Vaney, , 1994 Mills and Massey, 1995) . In addition to neurons, astrocytes are extensively coupled in vertebrate retinas, and coupling between astrocytes and Müller cells has been shown to occur in several vertebrate species (Robinson et al., 1993; Zahs and Newman, 1997) . Although further investigation is needed to identify the cellular origins of the labeled processes, it is noteworthy that the labeling pattern we observed in the inner retina with Cx35 is consistent with the observations of Condorelli et al. (1998) , who detected mouse C x36 transcripts in the ganglion cell layer and inner border of the inner nuclear layer by in situ hybridization.
Other connexin proteins have also been reported to occur in the vertebrate retina. C x43, cloned recently from the giant Danio (teleost) retina by RT-PCR and cDNA library screening (Wagner et al., 1997) , has been seen with immunohistochemical methods in astrocytes, Müller cells, and retinal pigment epithelial cells of various vertebrate species (Finch and Paul, 1989; Jones et al., 1992; Janssen-Bienhold et al., 1996; Giblin and Christensen, 1997; ) , as well as in a type of amacrine cell in zebrafish retina (Janssen-Bienhold et al., 1996) . In addition, C x32 immunoreactivity has been described in various neuronal cell types in mammalian retinas (Finch and Paul, 1989; Jones et al., 1992) , a further indication that multiple connexins are expressed in retinal neurons. This molecular diversity may account for the selective pharmacology and unique gating behavior of gap junction channels in the retina (McMahon, 1994; Vaney, 1994; Cook and Becker, 1995; Bruzzone and Ressot, 1997) .
Functional properties of Cx35 and Cx34.7
We have provided evidence that both perch connexins are functionally competent to assemble intercellular channels. However, the reasons for the lower values of junctional conductance measured in oocyte pairs expressing C x34.7 either homotypically or heterotypically are not clear. It is possible that the unitary conductance of homotypic C x34.7 channels is approximately an order of magnitude smaller than that of C x35 and that heterotypic interactions drastically reduce the unitary conductance of Cx35 below that of homotypic channels. Alternatively, a reduced propensity to f unctionally interact with the partners tested in this study may severely limit the magnitude of the macroscopic junctional conductance observed in channels containing Cx34.7 (cf. Swenson et al., 1989; Bruzzone et al., 1993) Cx34.7 and C x35 exhibit voltage-dependent closure that distinguishes their behavior from that of previously characterized connexins (cf. Nicholson et al., 1993; White and Bruzzone, 1996) . For example, zebra fish C x43.4 and Atlantic croaker C x32.2 form channels that are more sensitive to voltage and shut off more completely in response to transjunctional potentials of increasing amplitude, whereas Atlantic croaker C x32.7 is f unctionally incompetent in the paired oocyte expression system Barrio et al., 1997) . A distinct feature of perch connexins is the high level of conductance observed at the largest (Ϯ80 mV) voltage steps (Fig. 8) , a property attributable to their weak voltage dependence. Indeed, perch connexins are among the least voltage-sensitive members of the connexin family; only Cx26 channels show a comparable half-maximal decrease in junctional conductance with voltage steps Ͼ80 mV (Barrio et al., 1991) . It seems likely that the reduced voltage sensitivity of C x34.7 and Cx35 allows intercellular channels to remain open, independent of voltage shifts that may occur as a result of changes in their normal cellular environment.
The observation that C x34.7 and C x35 are compatible partners implies that, if expressed by adjacent cells, they could form functional heterotypic channels in vivo. Analysis of other heterotypic channels has demonstrated that novel gating properties often result from interactions between different connexins (Barrio et al., 1991; Hennemann et al., 1992b; Bruzzone et al., 1994; White et al., 1994 White et al., , 1995 Chen and DeHaan, 1996) . However, the interaction of perch connexins produces currents that, by and large, conserve the electrical characteristics exhibited by the respective homotypic channels; C x35 appears to be slightly more sensitive to voltage when paired heterotypically, compared with the homotypic Cx35/Cx35 pairs. The opposite is true for Cx34.7, which begins to close at greater transjunctional potentials when paired with Cx35. If, as suggested by the phylogenetic analysis, this group of connexins can be regarded as separate from the other members of the family, it is likely that the divergence of primary sequence will be translated into distinct forms of channel regulation. Further studies will determine how the activity of Cx34.7 and Cx35 channels is controlled by more physiological stimuli, such as phosphorylation and changes in cytosolic ions.
The connexin 35 subfamily of gap junctions
The data presented in Figures 1 and 3 provide strong evidence that the two perch connexins, Cx34.7 and Cx35, cloned in this study represent distinct genes. Although the dendrogram of the multiple amino acid sequence alignment (Fig. 1 B) shows that these connexins are related to each other, to skate Cx35, and to the recently cloned mouse Cx36 (Condorelli et al., 1998) , Cx34.7 is a more distant relative and contains a substantially different intracellular loop sequence (Fig. 1 A) . Support for the notion that Cx35 and Cx34.7 are different genes is provided by the observation that different fragments of genomic DNA were labeled in the Southern blots probed with unique sequences from a single exon of each connexin (Fig. 3) and that there are large sequence differences in both untranslated regions of the mRNAs. However, we cannot exclude the possibility that Cx35 and Cx34.7 represent alternative splice products. Further investigation involving genomic cloning will be required to resolve this issue. On the other hand, Cx35 from perch and skate, and mouse Cx36 may represent the same gene product in the three species. Their amino acid sequences are Ͼ84% identical (Table 1) , there is a high degree of sequence homology even within the intracellular loop, and the dendrogram groups these connexins closely.
The gene structure of members of the Cx35 group suggests that they are different from other connexins. Each of these connexins contains an intron at a conserved location within the coding region of the gene, unlike any member of the ␣ or ␤ groups of connexins. The Cx35 group also appears to have lost the intron located in the 5Ј untranslated region of other connexin genes (cf. Miller et al., 1988) . However, we cannot exclude the presence of introns elsewhere in the gene, because the cDNA sequences examined encompass a relatively small portion of the full transcript of either gene.
Phylogenetic analysis of the connexin family (Fig. 9) indicates that the Cx35 group is divergent from all other connexins. This was noted earlier for the skate Cx35 (O'Brien et al., 1996) , but the significance could not be evaluated at that time because the skate is the most primitive vertebrate from which any connexin had been cloned. The current analysis, which includes a mammalian and two teleost members of the Cx35 group, shows that they are tightly clustered and remain disparate from other connexins. Three other teleost connexins, zebrafish Cx43.4 and Atlantic croaker Cx32.2 and Cx32.7, fell into the ␣ group in this analysis. Cx32.2 and Cx32.7 lie well within the ␣ group, whereas Cx43.4 clusters with mammalian and avian Cx45. This is a good indication that the phylogenetic positions of the species studied are not the cause of the divergence of the Cx35 group. Indeed, the analysis reveals a deep division within the connexin gene family, with the branch leading to the Cx35 group being the longest in the tree. These results, together with the gene structure data, provide evidence that the Cx35 group has followed a unique line of descent. From this perspective, it seems appropriate to identify this group of connexins as the ␥ group. In accordance with this nomenclature, C x35 would be referred to as ␥1 and C x34.7 as ␥2.
At present, it is not clear whether the evolutionary divergence of the connexin subgroups correlates with any distinct pattern of gap-junctional properties. Moreover, the notion that there may be functional incompatibility between the different groups of connexins has not been supported by experimental data. For example, C x40, an ␣ connexin, fails to form channels with most other ␣ connexins, whereas another member of the ␣ group, Cx46, forms heterotypic gap junctions with a wide variety of ␣ and ␤ connexins . Given the divergence between the connexin subgroups and the reported presence of ␣ and ␤ connexins in retinal neurons, it will be interesting to determine the degree of f unctional compatibility of the ␥ connexins with ␣ and ␤ connexins and the properties of the heterotypic gap junctions they form.
